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Hydrides are found to be an important class of materials due to their potential use for energy storage/economy [1] [2] [3] [4] [5] [6] . The basic attention to study hydrides has so far been focused on the acceleration of kinetics for the hydrogenation/dehydrogenation processes at moderate temperatures and on the increase of the weight percentage of hydrogen. So those hydrides characterized by relatively slow kinetics for hydrogenation/dehydrogenation processes and high decomposition temperature do not present much interest for hydrogen economy. However, these hydrides have recently been suggested [7] to find unique exciting applications in optoelectronics. But the proposed applications depend on their stability with respect to doping, solubility of shallow donors and acceptors, and electrical as well as optical properties. Furthermore, the hydrides are widely available in powder form, which is required for hydrogen storage/economy, but is not preferable for electronic device technology. For the latter applications crystalline or amorphous hydrides are more preferable. At the moment this is an open problem and comprehensive theoretical and experimental studies are needed. Nevertheless, some preliminary supporting experimental evidences for device applications of the hydrides already existed.
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It is found that like many wide band gap semiconductors some hydrides have a large fundamental band gap, e.g., Mg 2 NiH 4 [3, 8] , MgH 2 [9] , AlH 3 [10] , LiH [11] , LaH 3 , YH 3 [1, 12] , Mg(AlH 4 ) 2 , Mg(BH 4 ) 2 [13, 14] , Ca(AlH 4 ) 2 [15] and AAlH 5 (A = Be, Ca, Sr) [16] , etc. Further, the band gap has been found to be modulated by H stoichiometry [1, 17, 18] . Bottommost conduction band (CB) and topmost valence band (VB) of some hydrides are well dispersive [7, 10, 11, 19] , which indicates that they can be capable of electrical conductivity. Carrier concentration and electrical conductivity in YH 2.9 [20] 4 Ω −1 cm −1 , low reflection (∼25%) and no transmission has been found [21] , which corresponds to ∼75% absorption of incident light. This state is believed to be formed [3] due to the reversible double layering of metallic Mg 2 NiH 0.3 and semiconducting Mg 2 NiH 4 . Therefore, the layers can be regarded as a semiconductor n + -n junction. The literature survey shows that there are some studies about defects in hydrides from the point of view of their effect on hydrogenation/dehydrogenation kinetics as well as electrochromic feature. But no attention has yet been paid to the question as to the effect of the impurities on electrical conductivity of hydrides. Calculated effective masses of some hydrides are found [7, 19] to be almost the same as those of semiconductors. Moreover, the ab initio calculations on Ca and Mg impurities substituting Al in orthorhombic AlH 3 show [7] shallow acceptor levels thus indicating the tendency to contribute to p-type electrical conductivity. Impurities of Si substituting Al in hexagonal AlH 3 can form shallow donor level resulting in n-type electrical conductivity [7] . In addition, even at high concentrations of Mg and Ca (∼ 6.1 × 10 20 cm −3 ), α-AlH 3 has been shown [7] to remain transparent to the visible light. Using AlH 3 , KMgH 3 , LiMgH 3 , NaBeH 3 , NaMgH 3 , and RbMgH 3 as examples, here we show that hydrides possess the features of semiconductors, namely, well-dispersed topmost VB, small carrier effective masses, p-type electrical conductivity, and finite fundamental band gap.
Vienna ab initio simulation package (VASP) [22, 23] has been used for the present study along with the generalizedgradient approximation of Perdew-Wang [24] . The interaction between ions and electrons is described using the projector augmented wave (PAW) method. For primitive unit cells the self-consistent calculations were performed using a 10 × 10 × 10 mesh of special k-points. For studies of defects 2 × 1 × 2 supercell have been used for all types of the lattices considered. All configurations were fully relaxed using the conjugate gradient method. The planewave cutoff energy of 500 eV was used for all the calculations. The convergence was achieved when the forces acting on the atoms were less than 2 meVÅ −1 and the total energy difference between two consecutive iterations was < 10 −6 eV/cell. The convergence criteria and more details about the optical calculations were discussed in ref. [25] . The imaginary part of the optical dielectric function has been derived by summing all allowed transitions from occupied to unoccupied states for energies much higher than those of the phonons. It is used to derive the reflectivity and absorption coefficients. More details about the optical calculations were discussed in ref. [25] .
We have studied the band structure and optical properties of cubic AlH 3 (also known as β-AlH 3 ), cubic KMgH 3 , rhombohedral LiMgH 3 , tetragonal NaBeH 3 , orthorhombic NaMgH 3 , hexagonal RbMgH 3 , and doped β-AlH 3 . The choice of the hydrides for the present study is based on their large fundamental band gap [11] , e.g., the band gap for hexagonal AlH 3 calculated by the density functional theory (DFT) using the GW approximation ("G" stands for one-particle Green's function as derived from many-body perturbation theory and "W" for Coulomb screened interactions) is 3.5 eV [11] . Furthermore, the cubic AlH 3 (β-AlH 3 ) is energetically more stable than the other polymorphs [10] and can be synthesized in bulk. It exhibits dehydriding reactions in the temperature range of 60-200
• C (ref. [26] ), 330
• C (ref. [27] ), which is well above the operable range of optoelectronic devices. According to ref. [28] , one can store AlH 3 for several years without any loss of hydrogen. However, the hydrogen decomposition is reported to be enhanced by doping, particle size [29] and vacancy concentration [29, 30] . Anyhow, here we use β-AlH 3 , KMgH 3 , NaBeH 3 , and RbMgH 3 as model systems only to demonstrate that hydrides can possess p-type conductivity and transparency to the visible part of the solar spectrum. Thus, we leave the problem of finding a more suitable hydride for the future studies. Optimized structural parameters have been found in refs. [5, 6] . For doped AlH 3 we have considered Mg impurity substituting Al (Mg Al ) as a candidate for shallow level acceptor-type defects. The primitive unit cell of cubic AlH 3 consists of 16 atoms, whereas for the studies of defects we have considered a supercell with 64 atoms derived from 2 × 1 × 2 of the conventional cell.
The band structure of the above-mentioned hydrides has been studied. The results have been presented for AlH 3 , KMgH 3 , RbMgH 3 , and NaBeH 3 ( fig. 1 ). It is found that the calculated fundamental band gap is 2.6 eV for KMgH 3 , 1.5 eV for NaBeH 3 and 2.5 eV for RbMgH 3 . Commonly, the fundamental band gap calculated from DFT is smaller than that derived from optical measurements. So, one can expect that the actual band gap for these materials will be larger than that listed above. The topmost VB and the bottommost CB of KMgH 3 , NaBeH 3 , and NaMgH 3 are found to be well dispersive resulting in small carrier effective masses, where the calculated directiondependent effective masses indicate that the conductivity will be highly anisotropic. Among the hydrides considered for the present study, RbMgH 3 and AlH 3 posses well-dispersed and nearly isotropic topmost VB as well as bottommost CB. Here, we shall concentrate our attention on AlH 3 . Figure 1 displays the band structure for β-AlH 3 where the CB minimum and VB maximum are located at the X-and Γ-point, respectively, indicating that AlH 3 is an indirect band gap material. The calculated direct and indirect band gaps are 3. respectively. As the bottommost part of the CB is less dispersive, one cannot expect much contribution to electrical conductivity from CB electrons. However, the topmost VB is much more dispersive than the bottommost CB indicating that the electrical current transport in AlH 3 can be determined basically by holes. The well-dispersed nature of the topmost VB indicates the presence of a considerable covalent bonding between Al and H in agreement with the density of states (DOS) and charge density analysis [10] . For the quantitative characterization of the band dispersion the effective masses of holes (m h ) have been calculated, which are equal to m h = 0.60m 0 along the Γ-X direction and m h = 0.48m 0 along the Γ-L one demonstrating a slight anisotropy in the conductivity. However, the magnitude of the masses is much smaller along Γ||A or comparable along Γ ⊥ A than that for ZnO (2.74m 0 (2.27m 0 ) along Γ||A and 0.54m 0 (0.35m 0 ) along Γ ⊥ A from the FP-LMTO (plane-wave pseudopotential [31] ) method [32] ). In order to clarify the character of the bands in the vicinity of the fundamental gap in hydrides the orbital and site projected DOS for AlH 3 are plotted in fig. 2 . The analysis shows that the bottommost CB is basically contributed by Al 3s-electrons, whereas the topmost VB is contributed by H 1s-electrons. This is one of the distinguishing features of some hydrides compared to conventional semiconductors where the topmost VB is commonly originated from p-/d -electrons and the bottommost CB from s-electrons. To our knowledge, there is no report on semiconductors with s-type electrons at the topmost VB. As pointed out in the above analysis of the band structure ( fig. 1 ) and effective masses, holes are capable to contribute well to electrical conductivity in AlH 3 . However, upon heavy doping with shallow acceptors, not only the conductivity can be enhanced but also the optical properties can be changed considerably. We have also studied structural properties, electronic structure, and optical spectra of Mg-substituted AlH 3 . From structural studies we have found that the volume difference between the ideal and Mg-doped β-AlH 3 does not exceed 2%. Furthermore, the calculated formation energy for the Mg-doped β-AlH 3 is −2.0 eV, which shows that such configuration is energetically stable. Figure 3 displays the total DOS for the Mg-doped AlH 3 , which shows that the Mg substitution for Al in AlH 3 induces a shallow level acceptor. Hence, Mg Al can provide free holes and thus contribute to electrical conductivity. Figure 4 shows the calculated optical spectra for AlH 3 : Mg Al , which indicates that despite heavy doping with Mg, transparency has not been changed much in the energy range 0-4 eV. Consequently, AlH 3 can be a well-conducting material and at the same time be transparent to the visible range of the optical spectrum. It may be noted that the band gap obtained from DFT calculations is commonly underestimated due to the artificial shift by the CB toward lower energies. So, in the real case, β-AlH 3 can be transparent in a wider energy range of photons than that predicted from the present optical calculations.
In conclusion, using DFT calculations we have demonstrated that several hydrides are capable of n-and p-type electrical conductivity and at the same time transparent to the visible range of the optical spectrum. This can extend the class of semiconducting materials and be important in the low-temperature optoelectronic device manufacturing technology. Distinct from other semiconductors, hydrides can have added advantages such as passivation of defects, improvement in interface problems, avoiding of band off-sets, etc. On the one hand, the present results extend the list of possible applications of hydrides by revealing their semiconducting feature and, on the other hand, we opened up the door for the application of hydrides in the future generation of electronic devices called "hydride electronics". Studies about stability, transparency, and feasibility of the n-and p-type conductivity for the hydrides are the subjects for detailed investigations in the near future. * * * This work has received financial and supercomputing support from the Research Council of Norway within NANOMAT project and from the Academy of Sciences of Uzbekistan.
